The displacement of waxy crude oils obeying the Bingham model was numerically investigated in a water
INTRODUCTION
Water flooding is a well-known operation in the oil industry. In this operation, water is used as the pusher fluid to drive the oil left in the porous rocks toward the production well (Poettmann, 1971) . For the low-Reynolds numbers flows frequently encountered in most oil reservoirs, one can rely on the Darcy's law as the governing equation (Getachew et al., 1998; Vafai, 2015) . But, while ordinary crudes are Newtonian and the Darcy's law is valid for them, waxy crude oils do not obey this empirical law. This is mainly because such oils exhibit a variety of non-Newtonian behaviors particularly at temperatures below their wax appearance temperature. The most striking non-Newtonian feature of waxy crude oils is their viscoplastic behavior. This means that these oils do not flow unless a certain stress thresholdthe so-called yield stressis exceeded (Wardhaugh et al., 1988; Chang et al., 1999; Davidson et al., 2004; Dong et al., 2013) . The existence of yield stress makes a theoretical study of the water-flooding operation much more difficult for such fluids. This is mainly because the Darcy's law cannot be applied to such fluids in its original form. Although it is possible to modify the Darcy's law in such a way that it incorporates fluids' rheology in a nontrivial way (often giving rise to nonlinear versions of the Darcy's model), a simpler idea is to keep the (apparent) linear form of the Darcy's model intact and just replace the Newtonian viscosity with an effective viscosity. (By so doing, it is the effective viscosity of the fluid that takes care of the nonlinear behavior of the fluid's rheology.) Having decided on the Darcy's model and the fluid's rheological behavior, one has to decide on how to model the porous medium and determine its permeability to each phase. Most works carried out in the past have modeled the porous medium using the bundleof-tubes approach (i.e., straight, identical, parallel tubes all oriented in the same direction). The Darcy's law (whether linear or nonlinear) combined with the Poiseuille law then provides the permeability of the bundle in that direction.
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